Introduction.
Abstract. 2014 By using high and medium voltage microscopes we have been able to obtain EELS spectra showing EXELFS modulations above the K edge of low atomic number Z ~ 16, elements. These modulations supply important structural information about the local atomic environment of the absorbing atoms. After recapitulating the physical foundations of EXELFS and the ways of analysing the spectra, we discuss the main steps of the experimental technique, as developed for the medium voltage transmission electron microscope. The potential of the technique is studied for four types of specimen : graphite, hexagonal boron nitride, carbon made amorphous and cubic silicon carbide. They have been chosen to illustrate the accuracy of the method, its potential for the determination of short-range order of crystallized and non-crystallized materials and to emphasize the influence of plural scattering effects on the RDF determination. [5 -7] .
This development of EXELFS may be attributed to the importance of the microstructural information it makes accessible and to recent improvements in the techniques associated with electron microscopy.
It has also been pointed out that the counting rates achievable with electron scattering can be competitive with those obtained from synchrotron radiation experiments, provided the core edge lies below about 3 keV Furthermore, for the lower atomic number elements, with the core edge lying below 1 keV (Z 11), EXELFS becomes more efficient than EXAFS. The electron technique has a further advantage in that it can be carried out on a microscopic region by choosing a fine electron probe on the sample (10 nm) [8, 9] .
The purpose of this paper is to recall the main aspects of the technique from the theoretical and experimental points of view and to discuss its potential in terms of some applications in the domain of low Z element compounds. [12, 13] where e represents the electric field vector.
The form of the interaction matrix elements in the two expressions of the cross-section shows the analogy between X-ray absorption and electron energy loss extended fine structures [1] . It is experimentally confirmed by the similarity between the two types of spectra, as shown by comparing EXAFS and EXELFS spectra on the aluminium K-edge and silicon K-edge, already published in the literature, for instance Lafon et al [14] and Zanchi et al [15] for silicon carbide, and by Fontaine et al [16] and Leapman et al [1] in the case of aluminium. An identical number of modulations above about 50 eV after the inner shell edge appears at the same frequencies. They are in the two cases related to variations in the matrix elements which are produced by modifications in the final state wave function ln &#x3E;, caused by neighbouring atoms. They are attributed to the interference between the outgoing excited inner-shell electron waves and the electron waves backscattered by the neighbouring atoms [13] . The mathematical treatment already developed for EXAFS can be applied to EXELFS in the same way.
It is considered that the part of the spectrum beyond the K-edge can be written as the product of the single atom spectrum and a factor (1 + x(E)) where x(E) corresponds to the EXELFS structure and represents modulations of the spectrum as a function of the energy loss E. x(E) is related to x(k) using the relationship between E and the wave number k of the ejected electron :
where Es is the threshold value of the ionization edge. The interference amplitude x(k) in k space is given by the formula:
where Nj is the number of the atoms surrounding the central atom in the jth coordination shell at a distance Rj.
Fj (k) is the backscattering amplitude from each of the Nj neighbouring atoms of the jth shelL U j is the Debye-Waller factor which takes into account the thermal vibration and statistic disorder of the atoms j.
A(k) is the range of the ejected électron. It is a function of the kinetic energy, Vj (k) is the total phase shift experienced by the ejected electron [17, 18] . It is given bỹ j(k) = ~a(k) + ~b(k) -03C0, where ~a(k) is the phase shift due to the central atom and ~b(k) is the phase shift due to the backscattering on the neighbouring atom j. [1, 19, 20] . The EXELFS spectra are typically recorded in an energy window covering about 400 eV above the edge with an energy resolution better than 3 eV which is sufficient for the accuracy of the results. The treatment of the signal leads to the RDF The procédure is as follows : 204 1) Background subtraction : the smooth background of the spectrum which lies below the inner shell excitation signal is removed from the experimental spectrum, assuming it follows a power law in energy (AE-r) before and after the edge.
2) Extraction of the oscillatory component : X(E) is isolated from the resultant signal by subtracting it from a model of the single atom spectrum. This model consists of a monotonically decreasing 3rd ---1-5rd order polynomial function.
3) Scale conversion : X(E) data are converted to X(k) using the equation k2 = 2me ~2(E -Es), which connects the ejected electron wave vector k with the incident electron energy loss E. 4 [18] .
The major term in this equation is the term linear in k. This term is responsible of the shift of the peak positions in the RDF(r). This linear part of the phase shift is estimated from the data of Tëo and Lee [18] for the central and backscattering atom and added to the peak positions of the RDF(r).
These steps lead to a determination of Rj values with an accuracy which can be of ± 0.02 A.
3. EXELFS experimental techniques.
Due to the relatively low value of the probability of exciting the core electrons, corresponding to one thousandth of the inelastic scattering cross-section, the detection of the EXELFS modulations requires optimized experimental conditions. This consideration determines the main characteristics of the experimental aspects of the EXELFS technique.
The detection of the EXELFS signal is a statistical problem and requires a signal-to-noise ratio better than one percent when recording the associated core-edge. This is achieved with a counting rate higher than 10 000 counts per channel in that part of the spectrum [1] . The basic experimental parameters which allow us to maximize the signal are : the intensity of the incident electron beam, the collection angle of the spectrometer and the detection system. Recent [23] .
Other parameters of importance are related to the specimen thickness and the incident energy which are correlated if one considers the effect of plural scattering contributions on the spectrum profile.
Because of plural scattering the jump ratio of an edge and the edge visibility fall rapidly as the specimen thickness increases. On the other hand, plural scattering may produce extra peaks above the threshold, which may cause inaccuracies in the EXELFS analysis [1] . These effects can be reduced either by using thin enough specimens or by application of a Fourier transform deconvolution procedure to the spectra. It has been shown that the EXELFS signal is not strongly reduced as long as the t/03BBp, the ratio of the thickness t to the inelastic mean free path Ap, is lower than 0.3 [21] .
By using the lowest possible reduced thickness it is possible to optimize the EXELFS signal itself, and thereby to extract the more accurate information. This is achieved either by using thin samples or by increasing the incident energy. As an example, Àp is increased by a factor about 1.8 at 300 keV relative to 100 keV incident electrons [24] . The graphite structure is well identified, with three distances in the same 002 plane, while there is a major spacing at 3.60 À between the planes. In the case of BN, due to the poorer resolution associated with a lower k window, only three main distances are observed. The first two maxima are associated with distances in the hexagonal plane, while the 3.46 À value corresponds to an interplane spacing. The gap, which is observed between graphite and boron nitride on the distances at 3.46 À in hexagonal BN and at 3.63 À in graphite, is understood by considering the different stacking of the respective hexagonal planes, as shown figures 3a and 3b. This difference is characterized by variations in the value of Nj /R2j associated with the fourth and fifth coordination shells of carbon and boron in the respective materials.
In addition, the relative intensity of the peaks of the RDF reflects the combined effect of different parameters : finite aperture size, variation of k as a function of energy and orientation. The inversion of the intensity of the peaks corresponding to in-plane and interplane distances about 1 À and 3 À respectively, which is observed in figures lb and 2b, can be interpreted by taking this last effect into account. In the case of BN in figure 2a, the strong peak at 190 eV is attributed to ls 2013&#x3E; 03C0* band transitions, while the peak at 200 eV corresponds to ls 2013&#x3E; (7* band transitions [25, 26] . Such a near-edge fine structure is indicative of the orientation of the c axis in the BN crystal, parallel to the momentum transfer vector nq, where q is given by q = kn -ko [27, 28, 26] . Within this orientation, the RDF is expected to have a major peak at about 3 Â, which unites the 3.33 À and 3.63 À interplane distances in BN. On the other hand the carbon K edge signal in graphite in figure la exhibits a small ?r* peak which is indicative of a non parallel orientation of the momentum transfer vector k to the c axis. This may explain the intensity of the first distance The table allows us to compare Rj, the radial distances around the boron atoms deduced from the EXELFS treatment, with the known Rj distances in hexagonal BN. in the RDF of graphite, which is determined in these measurements. It is in agreement with the results given by Disko et al [28] . In the case of the carbon specimen, made amorphous by crack deposition, the carbon K edge and the EXELFS structure which can be extracted are shown figure 4 . From the treatment, figure   4b , two [30] .
The results on silicon carbide correspond to SiC specimens, which were commercialy available as single crystals. They were prepared for transmission electron microscopy studies in the classical way, by ion milling, and the specimen shows variable thickness. The results of the as-recorded silicon K edge is presented in figure 5a and the calculated RDF, which can be directly deduced, is shown figure 5b. The two first peaks at 1.48 Â and 2.64 Â respectively are attributed to the Si-C and Si-Si interatomic bonds, at 1.86 Â and 3.08 Â respectively. They allow us to deduce phase shift correction values of 0.38 Â and 0.44 Â for Si-C and Si-Si bonds [31] .
From the shape of the original silicon K edge it is clear that the thickness of the specimen introduces multiple scattering effects in the edge structure. These affect the edge structure by introducing additional oscillations due to the plasmon component. In order to correct the treatment for this effect, a Fourier deconvolution technique has been applied to the spectrum [32, 33] . The results of the treatment are given in figure 6a and associated RDF(r) in figure 6b. The first two peaks in these data occur in close agreement with values obtained from the non-deconvoluted edge. Their relative intensity is inverted, in better agreement with the proportionality with the factor Nj/R2j, as can be expected from the general expression x( k) for EXELFS. Furthermore, an important maximum is observed at 6.27 Â. It should be noticed that a similar distribution has been observed in the RDF( r) determined by EXAFS in the SiC({3), where the peak at about 6 Â is attributed to a focusing effect, which corresponds to an enhancement of the amplitude of the peak associated with the fourth shell, around the silicon atoms [14] . 5 . Discussion : future developments and limitations.
Our EXELFS experiments performed on the recently acquired CM30 ST Philips electron microscope equipped with a Gatan PEELS spectrometer confirm the main conclusion already proposed by authors involved in the exploitation of EXELFS techniques for the studies of materials. The interest of EXELFS is that it complements EXAFS in the determination of short range order with an accuracy of 0.04 Â in the atomic bonding of crystalline and amorphous materials.
The main advantages are as follows : i) EXELFS is sensitive to low Z elements, and in particular Z 16 (sulphur), considering the treatment of the K edge. ii) The investigation of the sample can be performed with high spatial resolution so that inhomogeneous materials can be studied. This kind of information is combined with that provided by the other methods available on the electron microscope, which include electron diffraction and high resolution imaging. iii) An orientation dependence of the amplitude in the RDF can be predicted from the expression for the excitation cross-section. It may be of interest for a more precise understanding of materials with anisotropic layer structure.
The main limitations of this technique come from the overlapping of inner shell structures in the low Z elements. The example of BN has shown that overlapping edges may limit the resolution of the treatment to a value of 0.06 Â. i) It 
